Cognitive emotion regulation (CER) enables humans to flexibly modulate their emotions. While local theories of CER neurobiology suggest interactions between specialized local brain circuits underlying CER, e.g., in subparts of amygdala and medial prefrontal cortices (mPFC), global theories hypothesize global interaction increases among larger functional brain modules comprising local circuits. We tested the global CER hypothesis using graph-based whole-brain network analysis of functional MRI data during aversive emotional processing with and without CER. During CER, global between-module interaction across stable functional network modules increased. Global interaction increase was particularly driven by subregions of amygdala and cuneus-nodes of highest nodal participation-that overlapped with CER-specific local activations, and by mPFC and posterior cingulate as relevant connector hubs. Results provide evidence for the global nature of human CER, complementing functional specialization of embedded local brain circuits during successful CER.
Introduction
Whether you are angry about a disagreement at work, struggle after a breakup or are distraught by the loss of a beloved person, being able to efficiently regulate your emotions is critical for preserving mental health, social functioning, and your general well-being. Cognitive emotion regulation (CER) enables humans to flexibly modulate their responses to emotional stimuli, for example by cognitively reappraising the situation (Gross 2002) . Neurobiological theories of CER specify brain regions, their activities, and how they interact to support CER (Gross and Barrett 2011) . Theories of CER, however, differ with regard to the spatial extent of brain changes underlying CER. While local theories view CER as a regionally confined process, global models point to increased whole-brain interactions across functional brain networks during CER. More specifically, local and related "intermediate" models of CER emphasize that circumscribed cortical areas like in the medial and lateral prefrontal cortices (PFC) control activity in spatially more-or-less distinct brain regions such as in amygdala and orbitofrontalinsular cortices (Ochsner et al. 2002; Wager et al. 2008) . Global theories, in contrast, propose that larger functional brain modules, which comprise brain regions of local/intermediate theories, subserve emotional processes both with and without CER, but with increased global across-module interactions during CER (Barrett 2009; Lindquist and Barrett 2012; Barrett et al. 2014) . While evidence for local/intermediate views is overwhelming (for recent meta-analyses, see (Buhle et al. 2014; Frank et al. 2014) ), evidence for global theories is scarce. The current study aimed at testing key predictions of global CER theories by combining a typical CER paradigm on aversive emotional pictures during functional magnetic resonance imaging (fMRI) with a graph theory-based approach to brain activity.
Graph-based analysis is a powerful tool to investigate interaction patterns among large-scale brain networks, covering the whole brain (Bullmore and Sporns 2009) . A graph consists of nodes and edges; in the context of emotion-related brain activity, a graph consists of regions-of-interest (ROIs) representing the whole brain as nodes and emotion-related functional connectivity between these ROIs as edges between nodes (for a glossary of graph terms, see Table 1 ). The topology of such a whole-brain graph can be described both at global and nodal levels by measures of integration, segregation, and community structure (Rubinov and Sporns 2010) . Particularly, the community or modular structure describes how the whole graph can be subdivided into functional network modules with high intramodular but low intermodular connectivity (Girvan and Newman 2002) . More specifically, global community structure has 2 characteristics: modularity quantifies how "easily" a graph can be decomposed into separate modules (Newman 2004) ; global participation quantifies how "strongly" each node of the graph is connected to nodes in other modules Amaral 2005a, 2005b) . Applying these concepts to the global CER perspective, we expected stable functional brain network modularity across the 2 emotional states with and without CER, due to the idea that similar functional networks subserve emotional processing with and without CER (Fig. 1A) . On the other hand, we expected increased global participation across these networks during CER, reflecting an increased interaction across modules during CER, compared with without CER. Complementary, at nodal level we expected that nodes driving increased global participation across modules are also part of known regions from local/intermediate perspectives on CER, such as amygdala or prefrontal cortex. This suggestion was based on the idea that altered local activity, which shows the strongest activation-based change during CER, might also affect these nodes' functional embedding into the whole-brain graph.
Materials and Methods

Overview
The current study tested the hypothesis of increased global participation during CER (Fig. 1A) by applying graph analysis to fMRI data acquired during a CER task (Mulej Bratec et al. 2015) . More specifically, in this antecedent-focused CER task, participants faced aversive emotional pictures in 2 conditions (i.e., Attend and Regulate). A single trial of the task started with a fixation cross, followed by the instruction of whether to simply attend to the stimulus or to regulate the emotions induced by the upcoming picture, employing a cognitive reappraisal strategy (Fig. 1B) (Gross 2002) . Regulation strategy defined the contrasting conditions of our analysis (Attend vs. Regulate), which focused on graph-scores derived from emotion-related functional connectivity in response to aversive pictures (Fig. 1C) .
Participants
Nineteen healthy female subjects (mean age 24.8 ± 2.4 years) were recruited for the fMRI-based CER experiment. Subjects had to be free of any current or past neurological or psychiatric disorders, as verified by interview and psychometrics (Beck Depression Inventory and State-Trait Anxiety Inventory), and without any psychotropic medication. Only females were selected to exclude any gender bias in emotion processing and regulation (McRae et al. 2008) . The study was approved by the ethics committee of Technische Universität München, and written informed consent was obtained from all participants. Furthermore, all subjects were right-handed native German speakers with normal or corrected-to-normal vision.
Task Paradigm
After a 20 min training of the paradigm outside the scanner, each participant completed 2 task runs in the MRI scanner (Mulej Bratec et al. 2015) . Each run comprised one task condition defined by the regulation strategy and consisted of 80 trials. Runs/tasks were counterbalanced across subjects. In the Attend condition, subjects were instructed to attentively look (B) Experimental paradigm for each trial. (B1) shows the task paradigm for the Attend condition, (B2) for the Regulate condition. After instructing (2 s) and preparing (6 s) the regulation strategy, an aversive picture from the International Affective Picture System (IAPS; Lang et al. 1997 ) was presented (6 s) in 50% of trials. Finally, subjects had to evaluate their emotion intensity on a scale from −3 to + 3. (C) Group-level connectivity matrices for Attend and Regulate conditions, with nodes grouped into functional brain network modules. Module borders are indicated by colored frames; corresponding modules (i.e., modules with similar functional composition across conditions) are marked with the same color. Below the matrices, color bars show the anatomical and functional affiliation of each node (functional networks were derived from Power et al. (2011) ). Color legends of anatomical structures and functional networks are printed in the lower left part of the figure. MTL = medial temporal lobe. (D) Differences in functional connectivity between conditions (Regulate-Attend). Connectivity differences were calculated by subtracting the 2 grouplevel matrices shown in (C). Hot colors depict stronger, cool colors weaker connectivity in Regulate than Attend. Plots are overlaid on a reference surface projection of the brain using BrainNet Viewer (Xia et al. 2013) .
at the pictures and to not change the evoked emotional feelings. In the Regulate condition, subjects were instructed to downregulate their emotions using a so-called antecedent-focused strategy of cognitive reappraisal in the form of self-distancing (e.g., "The content of the images has nothing to do with me or my situation. I am not affected and none of my loved ones is affected"). Each trial started with a fixation cross presented for 1 s, followed by (1) the instruction (2 s) of whether to simply attend to the stimulus or to regulate the emotions induced by the upcoming picture; (2) an anticipation phase (6 s), during which participants prepared for the emotional stimulus; (3) a picture presentation phase (6 s), to induce negative emotions; and (4) a rating phase (3 s), in which participants rated the intensity of their emotional feelings (on a 7-point scale ranging from −3 = very negative to +3 = very positive). Negative emotional intensity scores describe a negative emotional feeling, positive emotional intensity scores a positive emotional feeling. This means that the higher (i.e., less negative) this score in the Regulate condition compared with the Attend condition, the greater the success of emotion regulation.
Finally, a black screen was presented for a jittered intertrial interval (3 ± 2 s) (Fig. 1B) . During the picture presentation phase, aversive pictures from the International Affective Picture System (IAPS; for more details, see Supplementary Methods) were presented to elicit negative emotions (Lang et al. 1997) . Overall, pictures were presented (= paired trials) in 40 trials (i.e., in 50% of the 80 trials employed per condition); in the other 50% of trials, no picture was shown (= nonpaired trials). The psychological factor in the subsequent psychophysiological interaction (PPI) analysis was the presence of a picture (i.e., contrast picture present vs. baseline) in order to specifically investigate emotion-related brain activity.
fMRI Acquisition and Preprocessing
The experiment was conducted on a three Tesla Siemens scanner at the Klinikum rechts der Isar, Technische Universität München. Stimuli were presented using Presentation software (Neurobehavioral Systems) and were back-projected onto a screen behind the scanner. Subjects could see the screen through an adjustable mirror mounted to the head coil. T1-weighted anatomical images were obtained using an MPRAGE sequence (1 × 1 × 1 mm 3 resolution). Functional T2* images were acquired using a gradient-echo EPI sequence (repetition time: 2 s, echo time: 30 ms, flip angle: 90°, acquisition matrix: 64 × 64, 35 slices, slice thickness: 3 mm, interslice gap: 0.6 mm; 3 × 3 × 3 mm 3 resolution). In each of the 2 task conditions, 881 functional images were obtained per subject. Data preprocessing was performed using SPM8 (Wellcome Department of Cognitive Neurology, London, UK). For each subject, the first two volumes of each session were discarded to account for magnetization effects. The remaining functional images were slice-timed, head motion corrected, coregistered to T1 images, spatially normalized into Montreal Neurological Institute (MNI) standard space through T1-based segmentation, and spatially smoothed with a Gaussian kernel of 8 mm FWHM (full width at half maximum). To control for confounding influences of spatial smoothing (especially in subcortical ROIs, some of which were less than 8 mm apart), we repeated the complete analysis with smoothing kernels of 6, 4, and 2 mm FWHM.
Construction of Connectivity Matrices
Nodes were defined by 286 cortical and subcortical spherical ROIs (see Supplementary Tables S1-S14). 241 isocortical and 8 cerebellar ROIs with 4 mm radius each, as well as 5 thalamic ROIs with 3 mm radius, were taken from Power et al. (2011) ; these ROIs were asymmetrically distributed across the brain. ROI labels were in line with brain anatomy, by matching the ROI center coordinates to the Harvard-Oxford brain atlas implemented in FSL (FMRIB, Oxford University). For other cortical and subcortical structures, we relied on different sources to ensure better brain coverage, including brain regions potentially relevant for emotions. For each hemisphere, 8 hippocampus ROIs with 2 mm radius and 6 striatum ROIs with 3 mm radius were created, based on the coordinates reported by Kahn et al. (2008) and Di Martino et al. (2008) , respectively. For the amygdala, 2 ROIs (basolateral and centromedial amygdala) with 2 mm radius were generated in each hemisphere, based on center coordinates from the SPM Anatomy toolbox (Amunts et al. 2005) .
Edges were calculated by connectomic PPI using the generalized PPI (gPPI) method, which is believed to be superior to the standard PPI approach in examining interindividual functional connectivity differences, by allowing greater model flexibility and improving model fit, sensitivity and specificity of findings (McLaren et al. 2012; Cisler et al. 2014 ). Connectomic PPI, in which one gPPI analysis is conducted for each pair of nodes, captures task-dependent changes in whole-brain functional connectivity (Gerchen et al. 2014) . GPPI is a special type of multiple regression that includes a psychological regressor (in our case presentations of aversive pictures), a physiological regressor (BOLD time course of the "seed" node), and a conditionspecific interaction regressor (product of the psychological and the deconvolved physiological regressor). To control for nuisance variables, we additionally added 6 head motion regressors to the model, specifically rotation and translation in 3 directions each. Seed time-courses for each node were obtained by extracting voxel-wise BOLD time series and then averaging them across all voxels in the ROI. Absolute beta values of PPI interaction regressors, reflecting the strength of task-dependent functional connectivity between each pair of ROIs, were then entered as edge weights into the connectivity matrix.
As the connectomic PPI analysis was performed separately for each regulation condition, it resulted in 2 condition-specific 286 × 286 whole-brain connectivity matrices for each subject. Since we did not assume any directionality of the connections, the 2 triangles of each matrix were then averaged to create symmetric connectivity matrices. To improve intersubject comparability, matrices were normalized by rescaling the edge weights to the range [0,1] (Rubinov and Sporns 2010). For purposes of visualization and analysis of topological node roles, 2 group-level connectivity matrices were generated (one for the Attend and one for the Regulate condition) by averaging the individual condition-specific matrices and again rescaling them to the range [0, 1].
Graph Analysis
Connectivity matrices were thresholded by cost (i.e., connection density) following previous graph-based studies of taskrelated brain connectivity (Kinnison et al. 2012; Godwin et al. 2015) . Cost equals the number of existing edges divided by the maximal possible number of edges in a graph; thus, a cost of x% means that only the x% of strongest edges are kept. The term "cost" derives from economical constraints of wiring costs (Bullmore and Sporns 2009) . We investigated the cost range between 10% and 50% (with intervals of 5%) since at lower costs, graphs become increasingly unstable and fragmented and at higher costs, topology becomes increasingly random (Humphries et al. 2006; Bullmore and Bassett 2011) . Graph scores were stable over the entire cost range (see Supplementary Results and Supplementary  Fig. S1 ); in the main text, we report results for the cost of 30%, because at this cost, the number of modules was most stable across subjects. However, to ensure that results did not depend solely on one cost, we also calculated for each graph score the area under the curve over the entire cost range (Spielberg et al. 2015) .
Functional segregation, integration, and community structure were assessed by calculating several global and nodal graph scores for the individual connectivity matrices. Functional segregation was quantified by global clustering coefficient, functional integration by characteristic path length, and community structure by modularity, participation coefficient and within-module degree. All graph scores were calculated using the Brain Connectivity Toolbox (Rubinov and Sporns 2010); formulas are described in the Supplementary Methods.
Brain modules were identified by maximizing modularity, i.e., the degree to which a graph can be subdivided into nonoverlapping subgraphs or modules. Modularity thus quantifies the ratio of within-module edges to between-module edges (Newman 2004) . Modularity was maximized using Newman's algorithm (Newman 2006) followed by the Kernighan-Lin finetuning algorithm (Kernighan and Lin 1970) , and averaged over 100 repetitions.
Participation coefficient, which quantifies the betweenmodule connectivity of a graph, was calculated based on the modular partition with highest modularity Amaral 2005a, 2005b) . For node i, the nodal participation coefficient P i w ranges between 0 and 1: values close to one indicate that node i is uniformly connected among all modules; a value of 0 means that it is only linked to nodes in its own module Amaral 2005a, 2005b) . Thus, nodes with high nodal participation are likely to facilitate global intermodular integration (Rubinov and Sporns 2010) . The global participation coefficient of a network is then computed as the average nodal participation coefficient across all nodes (Godwin et al. 2015) .
To characterize functional segregation in the whole-brain network, global clustering coefficient was calculated (Watts and Strogatz 1998) . Finally, functional integration was quantified by characteristic path length (Watts and Strogatz 1998) .
All global graph scores were normalized at the subject level by dividing them by the respective average graph score across 100 random graphs with conserved size, cost and degree distribution of the original graph (Bullmore and Sporns 2009) . Statistical comparison of graph scores across conditions was performed using Wilcoxon's signed-rank test (P < 0.05), as no assumptions about the normal distribution of data were made (Bullmore and Sporns 2009 ). For nodal scores, an FDR correction was applied to account for multiple comparisons (Benjamini and Hochberg 1995) . To exclude possible influences of the testing procedure, we re-evaluated our findings using a permutation test (100,000 permutations) (Spielberg et al. 2015) .
Node Roles in the Whole-Brain Community Structure
To assess the role of nodes in the community structure of the functional whole-brain network, we assigned them to different categories based on their pattern of within-and betweenmodule connectivity. For this step, the two condition-specific group-level graphs were used.
Within-module connectivity was measured by withinmodule degree, which is large for nodes with a large number of intramodular connections. The within-module degree of node i is normalized as the z-score over all nodes in i's module, and therefore quantifies how well connected node i is within its own module Amaral 2005a, 2005b) .
Between-module connectivity, on the other hand, was measured by nodal participation coefficient.
Within-module degree z i w and nodal participation coefficient P i w define a two-dimensional parameter space, the z-P plane, on which all nodes can be plotted. Depending on its position on the z-P plane, each node is then assigned to one of seven categories Amaral 2005a, 2005b) . According to the withinmodule degree, nodes with z ≥ 2.5 are classified as "hubs" and nodes with z < 2.5 as "nonhubs". According to the nodal participation coefficient, nonhubs are further subdivided into "ultraperipheral nodes" (P ≤ 0.05), "peripheral nodes" (0.05 < P ≤ 0.62), "connector nodes" (0.62 < P ≤ 0.80), and "kinless nodes" (P > 0.80). Hubs are further subdivided into "provincial hubs" (P ≤ 0.30), "connector hubs" (0.30 < P ≤ 0.75), and "kinless hubs" (P > 0.75) Amaral 2005a, 2005b) . Thus, connector hubs have both high within-and high between-module connectivity and play a key role in intermodular communication, as they can mediate information flow between their own module and other modules. In networks with m ≥ 2 modules, the maximal possible P is Fuertinger et al. 2015) . The group-level graphs for the Attend and Regulate condition both have 3 modules, so the maximal possible P is 0.67. Therefore, kinless nodes and kinless hubs cannot occur in the condition-specific group-level graphs. The "highest" possible node categories are "connector nodes" (z < 2.5; 0.62 < P ≤ 0.80) and "connector hubs" (z ≥ 2.5; 0.30 < P ≤ 0.75).
Correlation of Graph Scores with the Success of Cognitive Emotion Regulation
In order to evaluate the specificity of global and nodal graph scores for the emotional outcome of CER, several correlation analyses with emotional intensity rating scores were performed. Emotional intensity scores were first averaged over each condition, then Pearson correlations were calculated between the resulting emotional intensity scores of the Regulate condition and (i) the global participation coefficient during Regulate, (ii) the nodal participation coefficients (during Regulate) of the 4 nodes exhibiting significant differences in nodal participation, and (iii) the within-module degree and nodal participation coefficient (both during Regulate) of the two connector hubs in the Regulate condition.
Results
CER Success
To control for CER accomplishment, we assessed CER success via emotional intensity rating scores. After each trial, subjects rated the intensity of their emotions on a scale from −3 to +3 (with intervals of 1; set to 0 on each trial, negative scores reflect negative valence) via button press. These emotional intensity scores were then, for each condition, averaged over all trials and compared via paired two-sample t-test between Attend and Regulate conditions. During the Regulate condition, emotional intensity scores were significantly less negative than during the Attend condition (P < 0.0001), indicating successful CER across subjects.
Increased Global Participation Across Network Modules During Successful CER
To perform a whole-brain graph-analytical approach on CER neurobiology, we parcellated the brain into 286 cortical and subcortical nodes (see Supplementary Tables S1-S14 ). Edges were constructed from gPPI, reflecting task-dependent functional connectivity (McLaren et al. 2012) . For each subject, this procedure resulted in two 286 × 286 connectivity matrices representing the whole-brain graph, once for the Attend and once for the Regulate condition (Fig. 1C) . Graphs were thresholded at different costs (i.e., connection densities) from 10% to 50% (intervals of 5%) and network topology was investigated by graph analysis, which was focused on community structure quantified by both global participation coefficient Amaral 2005a, 2005b) and modularity (Newman 2004 ). To control for the specificity of findings, we also examined global measures of segregation (i.e., global clustering coefficient) and integration (i.e., characteristic path length) (Watts and Strogatz 1998) and related CER-sensitive whole-brain graph results with emotional intensity rating scores across subjects.
As expected, we found that modularity (i.e., decomposability of the graph into network modules) was unchanged across Attend and Regulate conditions ( Fig. 2A ; Wilcoxon's signedrank test, P = 0.687); for both conditions, we found 3 stable modules, which were very consistent (though not completely identical) across conditions (Fig. 1C) . On the group level, only 10% of the nodes switched modules from the Attend to the Regulate condition. The normalized mutual information (NMI) between the group-level modular partitions in the 2 conditions was 0.64 (NMI is a measure of similarity that is one if 2 modular partitions are identical and 0 if they are totally independent; Kuncheva and Hadjitodorov 2004; Meunier et al. 2009 ) (for further module stability tests, see Supplementary Results). To visualize this modular consistency, we colored the nodes according to both their anatomical position (i.e., brain location) and functional network membership (i.e., subgraphs such as the default mode network, derived from Power et al. 2011 ); the coloring thus shows, for example, a "yellow" module of the graph (Fig. 1C) , built up consistently of nodes belonging to the default mode, the fronto-parietal task control, and the salience network.
Critically, and in contrast to module decomposability, we found that global participation across network modules (i.e., the overall connectivity of nodes of one module with nodes of other modules) was increased during CER (Wilcoxon's signedrank test, P = 0.022) (Fig. 2A) . This finding indicates that CER is associated with an increased interaction across functional brain network modules.
These results were not influenced by: (i) a specific cost, since they were consistent over the whole cost range (see Supplementary Results and Supplementary Fig. S1 ), and usage of the area under the curve (representing the entire cost range) confirmed the result of significantly increased global participation during CER (P = 0.032); (ii) the testing procedure, since permutation testing confirmed the finding of significantly increased global participation during CER (P = 0.035); (iii) the preprocessing protocol concerning smoothing, since results were stable over different sizes of smoothing kernels (see Supplementary Results and Supplementary Fig. S2 ). (iv) Furthermore, in order to get further evidence that increased global participation was related with CER in terms of CER success, we correlated the global participation coefficient with the mean emotional intensity rating score over all trials. These supplementary findings, which are confounded by low statistical power, are presented in the Supplementary Results and Supplementary Figure S3 /S4 (see Limitations section for a detailed discussion of this issue). (v) Finally, to disentangle regulation-related activity from regulation-preparation-related brain activity, we repeated the PPI and subsequent graph analysis for the contrast paired trials versus nonpaired trials. In this way, preparation effects were canceled out (regulation preparation in paired and nonpaired trials was identical, because subjects did not know whether a picture would follow or not). This control analysis confirmed the finding of increased global participation across stable brain modules during CER. These results suggest that the interaction increase was specifically related to CER and not to regulation preparation (see Supplementary Results and Supplementary Fig. S5/S6) .
Moreover, global clustering coefficient, a key measure of network segregation describing the interconnectedness of neighboring nodes (Wilcoxon's signed-rank test, P = 0.376), and characteristic path length, a key measure of network integration describing the average distance between nodes (Wilcoxon's signed-rank test, P = 0.314), were not affected by CER ( Fig. 2A) . This result suggests that the interaction increase during CER was specific for interactions across network modules and not simply across neighboring nodes or node pairs. Taken together, results indicate that the brain's global modular structure remains stable during CER, compared with during attending to emotional stimuli. Emotional processing both with and without CER is thus likely based on the same functional brain network modular structure. Notably, however, during CER, interaction across these networks increases, underlying the successful cognitive regulation of aversive emotions.
Nodal Participation and Connector Hub Analysis
Increased Nodal Participation of Amygdala and Cuneus During CER To investigate the community structure further at nodal levels, we first focused on nodes that drove the increase of global participation during CER. Note that global participation coefficient is defined as the average nodal participation coefficient of all nodes of the graph (Godwin et al. 2015) . Nodal participation coefficient, in turn, quantifies the ratio of a node's betweenmodule edges to all edges connected to this node Amaral 2005a, 2005b) . To address the question of which nodes showed increased nodal participation during CER, we applied Wilcoxon's signed-rank testing (P < 0.05, FDR-corrected for multiple testing across 286 nodes). Left basolateral amygdala (P = 0.0002) and right cuneus (P = 0.0003) showed significantly increased nodal participation in the Regulate compared with the Attend condition (Fig. 2B) . At a more liberal correction for multiple testing (i.e., threshold P < 0.0035 equal to 1/286 nodes (Lynall et al. 2010) ), additionally the left centromedial amygdala (P = 0.0013) and left cuneus (P = 0.0022) showed increased nodal participation during CER (Fig. 2B) . These findings were consistent over different sizes of smoothing kernels, except for the centromedial amygdala, which showed sensitivity to smoothing (see Supplementary Results and Supplementary Fig. S7 ). Results indicate that during CER, it is specifically left amygdala and cuneus that become more closely connected to nodes in other brain network modules.
Distinct Nodes Act as Connector Hubs in the Regulate and Attend Conditions
Nodal participation quantifies between-module connectivity; however, it provides no information about a node's withinmodule connectivity. To get a more complete picture of a node's role in the community structure of the whole-brain graph, we combined nodal participation and within-module degree. The within-module degree of a node, normalized over all nodes of its module, reflects its within-module connectivity Amaral 2005a, 2005b) . Within-module degree z and nodal participation coefficient P define a two-dimensional parameter space, the z-P plane. Plotting all nodes on the z-P plane allows for classification of nodes according to their withinand between-module connectivity (Fig. 3A) . Crucially, nodes classified as so-called connector hubs have both high within-and high between-module connectivity and are assumed to mediate communication between their own module and other modules Amaral 2005a, 2005b) . As an example, the major airport hubs in the world are connector hubs . Figure 3 shows the node roles in group-level graphs for the Attend and the Regulate condition, respectively. We observed a different set of connector hubs for each condition. During the Attend condition, connector hubs were located in posterior parts of the brain (i.e., right occipital fusiform gyrus, right occipital pole, left precuneus) (Fig. 3A/B ). In the Regulate condition, however, connector hubs were located in relatively more anterior regions of the brain (right anterior medial PFC, left posterior cingulate cortex (PCC)) (Fig. 3A/B ). This result indicates that when simply attending to visual-emotional stimuli, the communication across modules is mainly mediated by nodes in visualoccipital cortices. During CER, in contrast, between-module information transfer occurs mainly through nodes in more anterior regions, such as mPFC and PCC. Interestingly, the mPFC node "switched" from module 3 (consisting mainly of default mode, fronto-parietal task control, and salience network nodes) in the Attend condition to module 1 (consisting mainly of visual and subcortical nodes) in the Regulate condition. This switch across modules during CER might indicate that the mPFC thus enabled regulatory control over areas processing visual emotional stimuli. Acting as a connector hub in its "new" module, it could perfectly mediate information flow between other brain modules and the "visual-subcortical module".
Additionally, in order to evaluate the relevance of CERsensitive connector hubs for CER success, we correlated connector hub properties of right mPFC and left PCC, respectively, with the mean emotional intensity rating score over all trials. These supplementary findings, which are confounded by low statistical power, are presented in the Supplementary Results and Supplementary Figure S8 
Spatial Overlap of Nodal Functional Embedding into the Whole Brain and Specialized Local Activity During Aversive Emotional Processing
Finally, we tested whether nodes sensitive for changes in functional embedding (i.e., nodal participation or connector hub properties) overlapped with areas whose local activity is specialized for emotional processing with and without CER. We applied canonical voxel-wise paired t-testing to contrast activation β-maps at a threshold of P < 0.005 (uncorrected) (see Supplementary Methods), and found typical activation patterns for emotional processing with CER (Regulate-Attend) and without CER (Attend-Regulate), in line with previous findings (Ochsner et al. 2002; Wager et al. 2008; Buhle et al. 2014) . Critically, amygdala and cuneus nodes, which showed increased nodal participation during CER, overlapped with clusters of decreased activation during CER (Attend-Regulate) (see Supplementary Fig. S9A ). This result indicates that increased embedding of these nodes into the whole-brain network during CER is accompanied by suppression of local activity. Concerning connector hub properties, neither did connector hubs of the Attend condition overlap with activation clusters for the contrast Attend-Regulate, nor did connector hubs of the Regulate condition overlap with activation clusters for the contrast RegulateAttend (see Supplementary Fig. S9B ). Results suggest that complex node properties incorporating both inter-and intramodular connectivity during CER are not directly represented by patterns of specialized local activity.
Discussion
The current study provides-to the best of our knowledge-first evidence that global interaction changes across brain networks spanning the whole brain contribute to human CER, more specifically that global participation across stable functional brain network modules increases during successful CER. The increase in global participation was critically driven by medial PFC and amygdala nodes, which overlapped with specialized local activity. These findings indicate the complementary globallocal nature of human CER.
Increased Global Interaction Across Stable Functional Modules During CER
On a global whole-brain scale, we found that during CER, in comparison to emotional processing without regulation, global participation significantly increased, whereas modularity (i.e., decomposability into functional modules with high withinmodule connectivity) remained stable ( Fig. 2A) . Modules' composition was largely the same during emotions with and without CER (Fig. 1C ). Results were consistent over different graph costs (see Supplementary Fig. S1 ), indicating robustness of findings across different connectivity strengths, as well as over different smoothing kernels (see Supplementary Fig. S2 ), indicating stability across methodological variations. Furthermore, the behavioral significance of the increase in global participation was supported by its at-trend significant positive correlation with emotional intensity scores reflecting CER success, even though this analysis suffered from low statistical power (see Supplementary Fig. S3 ). Both global clustering coefficient and characteristic path length remained unchanged during CER in comparison to emotions without CER, indicating that CER is specifically linked with an interaction increase between functional brain modules and not with interaction increases in general ( Fig. 2A) . These results suggest that CER is associated with an increased global interaction of stable functional whole-brain networks. Global models of CER anticipated that CER emerges from changing interactions of stable functional whole-brain networks (James 1884; Barrett 2009). As we have shown, the composition of functional network modules indeed remains largely identical across conditions with and without CER (Fig. 1C) ; what changes is their interaction on a global level ( Fig. 2A) . This interaction increase across modules is consistent with previous network-focused results by Sripada et al. (2014) , who found increased region-to-region connectivity between regions of a visual network and those of cortical control networks during CER while participants observed aversive pictures. In addition, global theories of CER further assume that CER arises from interactions of domain-general brain networks (Lindquist and Barrett 2012) . This indicates that these networks are not limited to subserving distinct mental "faculties" (i.e., specific functions or emotions) (Touroutoglou et al. 2015) . This view is supported by our finding that each of the 3 brain modules in the current study comprised nodes in brain regions associated with a wide variety of functional domains (Fig. 1C) . Therefore, one should note that the term "brain module", as it is used in this study, has to be clearly distinguished from domain-specific cognitive modules hypothesized in faculty psychology approaches (Fodor 1983) .
Global Interaction Increase is Pronounced in Specific Nodes
The increase in global interaction across functional brain networks during CER was driven by key nodes of increased functional embedding, quantified by both nodal participation and connector hub properties ( Figs 2B and 3) . The left basolateral and centromedial amygdala, for example, showed increased nodal participation during the cognitive regulation of aversive emotions, indicating an increased embedding in the functional whole-brain network (Fig. 2B) . The amygdala has widespread structural (McDonald 1998) and functional (Robinson et al. 2010) connections with both cortical and subcortical regions of the brain, thus acting as a hub in the whole-brain network (Mears and Pollard 2016) . Beyond widespread connectivity, the amygdala is particularly involved in the processing of visual emotional stimuli (Adolphs et al. 1994) . In studies testing global emotion theories, particularly the left amygdala showed increased centrality or hubness during emotional processing (Koelsch and Skouras 2014; Wheelock et al. 2014; Zhang et al. 2015) . Our results extend these findings by showing that during CER, specifically the left amygdala becomes more strongly embedded in the whole-brain network. This increased functional embedding occurs both in the basolateral and the centromedial amygdala (Fig. 2B) . These 2 subregions can be distinguished based on their differential connectivity patterns with cortical and subcortical regions (Swanson and Petrovich 1998) . Both amygdala subdivisions form part of brain circuits that enable adaptive behavior in response to aversive stimuli (Gross and Canteras 2012; LeDoux 2012) . The bilateral cuneus similarly exhibited increased nodal participation in the Regulate compared with the Attend condition (Fig. 2B) . The cuneus contains brain regions associated with primary and higher visual processing (Felleman and Van Essen 1991) . Its structural and functional connectivity with amygdala and prefrontal cortices provides support for its involvement in the processing of aversive visual stimuli (Narumoto et al. 2000) . We found that the cuneus was more tightly embedded in the functional whole-brain network during CER than during emotional processing without CER.
Connector hubs differed between Regulate and Attend conditions (Fig. 3) . Exhibiting both high within-module and high between-module connectivity, connector hubs are critical for mediating intermodular information transfer, much like airport hubs . During emotional processing without regulation, connector hubs were located in posterior regions of the brain, especially in the occipital cortex. This brain part is strongly involved in the processing of aversive visual stimuli (Sabatinelli et al. 2011) . During CER, however, the role of connector hubs was taken over by more anterior parts of the brain, particularly the medial PFC and the PCC. Crucially, the medial PFC node switched from a cortical control module to a visual-subcortical module during CER, possibly to enable regulatory control over areas involved in emotional processing. In this way, the medial PFC could control "information flow" between its new module and other brain modules during CER. Moreover, both intra-and intermodular connectivity of medial PFC and PCC demonstrated some hints for being related to the success of CER (see Supplementary Fig. S8 ), highlighting the specific importance of connector hubs for the emotional outcome of distributed brain processes. One should also note that medial PFC and PCC are important constituents of the default mode network, which is specifically associated with selfrelevant emotional decisions (Andrews-Hanna et al. 2010) , cortical fear representation (especially cingulate parts; Gross and Canteras 2012) , and emotion regulation (Sheline et al. 2009 ).
Linking Global and Local Theories of CER
Nodes with increased nodal participation, i.e., amygdala and cuneus, overlapped with clusters of decreased local activity during CER compared with emotional processing without regulation (see Supplementary Fig. S9A ). Suppression of local amygdala activity is consistently found in studies testing local theories of CER (Buhle et al. 2014) . Our results thus suggest that increased whole-brain participation of amygdala and cuneus might be accompanied by suppressed local activity during CER. In contrast, connector hubs of either the Attend or the Regulate condition did not overlap with clusters of specialized local activity during CER (see Supplementary Fig. S9B ). Connector hub status reflects both high within-and between-module connectivity Amaral 2005a, 2005b) . Therefore, it is possible that this complex node property might not be directly represented by patterns of specialized local activity.
In summary, increased nodal participation was associated with specialized local activity, thus linking global and local models of CER. So far, local and global theories of CER have coexisted as-potentially contradictory-extremes in a continuum of theoretical perspectives of CER (Gross and Barrett 2011) . Our study now provides initial experimental evidence that local and global models of CER may instead be viewed as complementary aspects of CER, rather than dichotomous perspectives.
Clinical Implications
Our results may carry implications for the integration of distinct neurobiological models of affective disorders, particularly major depressive disorder (MDD). On the one hand, "local" neurobiological models of MDD are based on local perspectives of CER, which is a core symptom of depression (Mayberg 1997; Hamilton et al. 2012 ). For example, medial PFC and amygdala exhibit abnormalities in major depression, such as gray matter volume loss (Hamilton et al. 2008; Koolschijn et al. 2009 ) or simultaneous amygdala hyperactivation and mPFC hypoactivation (Siegle et al. 2002) ; these alterations are thought to underlie impaired PFC control over amygdala activity as a central mechanism of impaired CER in particular and major depression in general (Mayberg 1997) .
On the other hand, "global" accounts of MDD propose that major depression is a disorder of the human connectome (Gong and He 2015) . For example, substantially altered structural and intrinsic functional large-scale brain organization has been found in depressed patients, including aberrant mPFC and amygdala hubness (Jin et al. 2011; Singh et al. 2013) , and such connectome-related changes are relevant for the course of MDD (Meng et al. 2014) .
However, these different conceptualizations of major depression have been largely unrelated to each other. Linking global and local accounts of CER, our result can likewise provide a link between global and local neurobiological accounts of major depression in the context of impaired CER. For example, aberrant local amygdala activity during emotional processing in depressed patients might be not only due to impaired local control by PFC (Erk et al. 2010 ), but also due to the amygdala's impaired global functional embedding (Jin et al. 2011) , which is relevant for effective CER (Fig. 2B) . Likewise, structural and functional abnormalities of the medial PFC (Bludau et al. 2016) might not only impair the control over local amygdala activity during CER (Erk et al. 2010 ), but also affect impaired global interaction within and across modules (Fig. 3) . Suggestively, the impairment of CER in major depression might be characterized by processes we found in healthy subjects during emotions without CER, such that across-module interaction might be dominated by occipital nodes (Fig. 3) . Interestingly, such "occipital dominance" of changes in several brain modalities has been reported in major depression, for example regarding reduced volume (Peterson et al. 2009 ), functional hubness (Meng et al. 2014) , and metabolism (Sanacora et al. 2004 ). Future studies focusing on a global perspective of CER impairments in major depression should test these suggestions.
Limitations and Future Directions
The following limitations should be considered for the correct evaluation of results.
First, we used a rather small sample size of 19 subjects. Low sample sizes decrease statistical power, inflate effect sizes, and lead to an increased rate of false positive results (Button et al. 2013) . This issue has been highlighted particularly for correlation analyses (Yarkoni 2009 ). Therefore, we report the correlation results between graph scores and CER success-for exploratory purposes only-in the Supplementary Results and discuss them in detail in the Supplementary Discussion. Moreover, the low sample size might limit the universal validity of our findings. On the other hand, this study is, to our knowledge, the first graph-based fMRI study in the field of cognitive emotion regulation, providing a proof of principle. Future studies are needed to test the replicability of results in independent subject samples.
Second, it should be noted that using the conventional HRFconvolved boxcar function as the only response function in a task fMRI study limits the results to only a fraction of possible activations, which might be derived using additional response models, as shown by Gonzalez-Castillo et al. (2012) . This effect most likely translates to the gPPI analysis as well. Nevertheless, we would like to point out that we used at least two different response models in the current study, using the contrast picture present (i.e., paired) versus baseline in the main analysis, as well as the contrast paired versus nonpaired in the additional control analysis presented in the supplement. We believe that the use of two models at the very least mitigates the response model concern.
Third, we used a typical experimental design to investigate CER via Attend versus Regulate contrasts, which had already been employed extensively before (Ochsner et al. 2002; Wager et al. 2008; Buhle et al. 2014 ). An inherent problem of this design is that actively regulating one's emotions could be cognitively more demanding than simply attending to a stimulus, or in other words: cognitive cost may confound results. The current study cannot fully exclude this confound. Nevertheless, (a) results fit both expected hypothesis and other studies' findings, as discussed above, and (b) we made an effort to minimize this possible confound as much as possible by applying an antecedent-focused reappraisal strategy (Gross 2002; Sheppes and Meiran 2008) , and by using young healthy female participants, whose high Reappraisal scores on the Emotion Regulation Questionnaires (normative female mean = 4.61 [SD = 1.02, N = 1483], current study mean = 5.12 [SD = 0.52, N = 20]; t (1501) = 2.25, P = 0.025; normative mean taken from Gross and John (2003) ) signify that they used reappraisal with minimal associated cognitive costs. Future studies of more rigorous design, additionally controlling for difficulty, are necessary to support our observations. Fourth, we included only female subjects to exclude any gender influences concerning emotion processing and regulation (McRae et al. 2008) , a strategy applied by numerous other studies in the field (Frank et al. 2014) . Therefore, inferences of our results to the human brain as a whole should be treated carefully. Future studies could address this issue by examining male subjects or mixed groups with subgroup and comparison analyses.
Fifth, future studies could also investigate how global interaction changes during down-regulation of responses to pleasant emotional stimuli or during up-regulation of emotional responses. We speculate that results on a global level might be similar to our results. However, on a nodal level, regulation of positive emotions might implicate a changed participation of the ventral striatum (Buhle et al. 2014) , while emotional upregulation, typically associated with enhanced amygdala local activity (Frank et al. 2014) , might go along with decreased nodal participation of the amygdala.
Conclusion
Cognitive emotion regulation is associated with an increased global interaction of stable functional brain networks. This interaction is mainly driven by an increased embedding of specific nodes, such as amygdala, cuneus, medial prefrontal and posterior cingulate cortex, in the functional whole-brain network. As these key nodes partly coincide with regions involved in specialized local activation during CER, current results link global and local views on human CER as complementary perspectives.
Supplementary Material
Supplementary data are available at Cerebral Cortex online. 
